[1] Studies of the origin of the Martian sulfate and phyllosilicate deposits have led to the hypothesis that there was a marked, global-scale change in the Mars environment from circum-neutral pH aqueous alteration in the Noachian to an acidic evaporitic system in the late Noachian to Hesperian. However, terrestrial studies suggest that two different geochemical systems need not be invoked to explain such geochemical variation. Western Australian acidic playa lakes have large pH differences separated vertically and laterally by only a few tens of meters, demonstrating how highly variable chemistries can coexist over short distances in natural environments. We suggest diverse and variable Martian aqueous environments where the coetaneous formation of phyllosilicates and sulfates at the Australian sites are analogs for regions where phyllosilicates and sulfates coexist on Mars. In these systems, Fe and alkali earth phyllosilicates represent deep facies associated with upwelling neutral to alkaline groundwater, whereas aluminous phyllosilicates and sulfates represent near-surface evaporitic facies formed from more acidic brines. Citation:
Introduction
[2] A variety of minerals that form from aqueous alteration, including phyllosilicates, hydrated sulfates, hematite, putative chlorides and carbonates, have been remotely detected on Mars [Christensen et al., 2000; Bibring et al., 2005; Langevin et al., 2005; Poulet et al., 2005; Ehlmann et al., 2008; Osterloo et al., 2008] . The occurrence of these minerals provides information about the paleoclimate of Mars and the possibility for past habitability. Studies of the origin of Martian sulfates and their relationship to phyllosilicates suggest that large deposits of these minerals formed in different eras of Mars' history, under distinct environmental conditions [Bibring et al., 2006; Chevrier et al., 2007; Wiseman et al., 2008] . Major phyllosilicate-bearing units are considered to be of Noachian age and are believed to have formed by rock weathering reactions involving weakly acidic to alkaline waters, which if formed at the surface ''would indicate long-lasting wet episodes, with large aqueous reservoirs'' [Bibring et al., 2006] . Alternatively, phyllosilicates may have formed below the surface by circulating groundwater driven by hydrothermal activity [e.g., Griffith and Shock, 1997; Newsom et al., 1999; Mangold et al., 2007; Mustard et al., 2007] . In contrast, extensive Martian sulfate deposits are considered to be younger, with various estimates spanning the time between Late Noachian to Hesperian periods [e.g., Squyres et al., 2004; Gendrin et al., 2005; Bibring et al., 2006] . The broad distribution of sulfate minerals seen by OMEGA (Observatoire pour la Mineralogie, l'Eau, les Glaces et l'Activite) likely points to widespread acidic surface waters and the dominant role of evaporative processes leading to sulfate precipitation.
[3] Terrestrial data indicate that it is not necessary to invoke two fundamentally different geochemical regimes to explain such mineral variations. Acid saline lakes in Western Australia have been recognized as useful chemical terrestrial analogs for aqueous mineral formation on Mars [e.g., Benison and LaClair, 2003] . In these lake systems, large pH and salinity differences are observed both laterally and vertically over scales of a few tens of meters [Bowen and Benison, 2009; Marion et al., 2009] . Here, we offer an alternate formation mechanism for some of the phyllosilicates and sulfates on Mars, and suggest that these different mineral types may be separated by chemical gradients rather than by temporal boundaries. Initially, we examine the chemical and mineral data from the Western Australian lakes, and then compare and contrast these data with observations of several Mars sites where phyllosilicates and sulfates occur together or in close proximity. basement rocks consist of diverse, deeply weathered Archean igneous and metamorphic rocks [McArthur et al., 1989] . Prolonged periods of subaerial exposure since the Mesozoic have caused intense weathering and chemical alteration of the basement rock up to 40 m in depth [Mann, 1983] .
[5] Low rainfall, high evaporation, internal drainage and a deeply weathered regolith have produced over time a large mass of highly saline groundwater of unusual composition [McArthur et al., 1989 [McArthur et al., , 1991 Gray, 2001] . In the subsurface, saline and reducing groundwaters (pH = 6 -8) react with relatively fresh basement rocks and become enriched in Fe(II). As these waters circulate toward the surface, the iron becomes oxidized, and precipitates as ferric phyllosilicates and oxides. For example:
Initial acid production from these reactions may be buffered by fresh basement rocks and incompletely altered regolith materials [Gray, 2001] . In areas where the bedrock is mafic to ultramafic, deposits of Fe
3+
-phyllosilicates (such as nontronite) that are stable under moderate acidities can be extensive [Elias et al., 1981; Anand and Paine, 2002] . In many areas, however, kaolinite is the dominant phyllosilicate mineral owing to the prevalence of felsic-aluminous basement rocks and earlier deep lateritic weathering profiles [Anand and Paine, 2002] . Preexisting kaolinite can be dissolved in the upper part of the regolith by rising acidic groundwaters, incorporating additional aluminum and silica into the fluid phase [Gray, 2001] . Evaporative concentration of these emergent acidic groundwaters causes rapid precipitation of ferric oxides, ferric sulfates (jarosite), and highly aluminous phases (e.g., alunite), all of which can further enhance the acidity and produce extremely low pH levels (pH 1.5 -3.0) [Gray, 2001; Bowen and Benison, 2009] :
Such ultra-low pH levels typically are restricted to playa lake margins where there is limited mixing with near-neutral pH central lake brines.
[7] In addition to subsurface chemical gradients, there are strong lateral gradients in the acid lake systems. The central playa lake waters are dominantly the product of fresh water runoff that evaporates to produce a suite of sulfate and chloride minerals similar to what would be expected by the evaporation of seawater. When and where the central lake waters mix with the extremely acid marginal brines, kaolinite may precipitate as high levels of acidity are reduced [Benison and Bowen, 2006] . The influx of acid saline groundwater at lake margins, juxtaposed with these runoff-derived lake waters, results in strong chemical gradients and produces a heterogeneous suite of minerals including kaolinite, Fe-oxides, opaline silica, jarosite, alunite, gypsum and halite ( Figure 1 ) [McArthur et al., 1989 [McArthur et al., , 1991 Benison et al., 2007] . In general, mineral phases that contain Al, Fe and Si precipitate from the more acidic near-shore waters, while Ca ( 1991]. Thus, both the Australian lakes and the groundwater have variable chemistries coexisting over short distances.
Martian Phyllosilicate and Hydrated Sulfate Deposits
[8] The largest exposures of phyllosilicates (found in Mawrth Valles and Nili Fossae) are hosted in older Noachian terrain that appears to be spatially and temporally distinct from some of the largest, younger sulfate exposures (e.g., Valles Marineris). However, smaller deposits of phyllosilicates and hydrated sulfates have been detected in close proximity at a number of diverse localities such as Meridiani Planum, Gale Crater, and Terra Sirenum (Figure 2 ). In Southern Meridiani Planum, the occurrence of phyllosilicates lower in the stratigraphic section has been cited as evidence of separate and temporally distinct geochemical environments on Mars [Wiseman et al., 2008] (Figure 2a) . However, we propose that this sequence of minerals may instead represent variability in a single geochemical system, similar to the Australian analog.
[9] Gale Crater is one of many Martian craters that contain thick sequences of layered sedimentary materials (Figure 2b ). Multiple formation hypotheses have been proposed for these deposits and the nearby deposits of the Medusae Fossae Formation (MFF), including lacustrine [e.g., Malin and Edgett, 2000] , volcanic [e.g., Hynek et al., 2003] , aeolian dust deposits [e.g., Tanaka, 2000] , paleopolar deposits [Schultz and Lutz, 1988] , and hydrothermal spring deposits [e.g., Rossi et al., 2008] . However, Gale Crater does exhibit geomorphic evidence of prior fluvial activity [Malin and Edgett, 2000; Edgett and Malin, 2001] and recent Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) data indicate that the layers in the central sediment mound contain smectites and sulfates that occur in layers either mixed or interbedded [Milliken, 2008; Thomson et al., 2008; Milliken et al., 2009] . Thus, it is equally plausible that the deposits might reflect either a spatial or a temporal transition in geochemical conditions.
[10] Hydrated minerals have been detected by CRISM within several craters in Terra Sirenum. Specifically, phyllosilicates and sulfates are found together in the walls and floors in a few of these craters. Significantly, the acid-sulfate mineral alunite has been detected in Cross Crater [Swayze et al., 2008] where it is found in layered materials along with kaolinite and montmorillonite. Phyllosilicates and sulfates have also been found in close association with each other in Columbus Crater, where they are found in both an indurated ring that drapes over the crater walls as well as on the crater floor (Figure 2c ) [Wray et al., 2009] . While the clay-bearing unit in Columbus Crater and other detections in Terra Sirenum (interpreted to contain both kaolinite and Fe-smectite) commonly occurs stratigraphically beneath sulfates, in some areas interbedding is observed [Wray et al., 2009] . This region of Mars also contains some of the best exposures of the putative chloride deposits [Osterloo et al., 2008] and thus contains several types of features suggestive of paleolake systems.
[11] Phyllosilicates in Southern Meridiani have been interpreted by Wiseman et al. [2008] to mostly predate sulfate and hematite bearing plains ( Figure 2a) ; however, OMEGA has detected small occurrences of Fe/Mg-phyllosilicates in crater floors and within the etched terrain in Northern Meridiani (Figure 2d ). These deposits appear to be stratigraphically equivalent to sulfate deposits in the etched terrain with no clear geomorphic distinction [Poulet et al., 2008] . In this region, the phyllosilicate spectral signatures are weak suggesting that they may occur in mixtures with sulfates [Bishop et al., 1995] . The coexisting phyllosilicate and sulfate phases indicate, at least locally, that conditions were less acid that the conditions inferred by the Opportunity rover [Poulet et al., 2008] .
Comparison of Terrestrial and Martian Deposits
[12] Basic similarities between the terrestrial and Martian deposits include 1) acidic saline water and sediments, 2) Ca and Mg sulfates, 3) Fe precipitates such as nontronite, hematite and jarosite, 4) Al-Si precipitates such as alunite and kaolinite [Marion et al., 2009] and 5) ferrolysis as a possible groundwater acidification processes [e.g., Burns, 1993] . There are significant differences as well: on Earth, chlorides typically dominate the interior parts of playas, reflecting the influence of oceanic salt components carried by precipitation. On Mars, chlorides may be present [e.g., Clark and Vanhart, 1981; Bell et al., 2000; Osterloo et al., 2008] , but have not yet been found coexisting in complex evaporite assemblages. While both smectites and Al-phyllosilicates are present in the Martian and terrestrial deposits, smectites appear to be the dominant phyllosilicate mineral on Mars, whereas kaolinite is dominant phyllosilicate phase in the Australian acid lake systems. This in large part reflects the differences in weathering history and in basement rock compositions, with the Australian lake region being characterized by lateritic weathering of mainly felsic rocks, and the Martian crust being characterized by relatively fresh mafic volcanics.
[13] Modeling suggests another potential difference between Martian and terrestrial deposits: aqueous solutions on Mars may generate greater amounts of acid via ferricoxide precipitation, owing to higher initial concentrations of Fe(II) [Marion et al., 2009] . The initial dissolution of Fe(II)-bearing rocks that leads to the unusual acidification of the Australian lakes may be caused by 1) oxidation of H 2 S, 2) the oxidation of diagenetic pyrite, or 3) oxidation of sulfide mineralization of the basement rock [Gray, 2001] . Initially reducing deep groundwater becomes increasingly oxidized as it circulates upward towards the surface, causing the precipitation of ferric phyllosilicates and oxides, and attendant acid generation [McArthur et al., 1991; Gray, 2001] . Acidification may be further enhanced by precipitation of aluminum silicates (e.g., kaolinite) and sulfates [Gray, 2001; Marion et al., 2009] .
[14] Meridiani evaporites are proposed to result from sustained groundwater upwelling driven by global-scale flow [Andrews-Hanna et al., 2007] . Interestingly, this model also predicts groundwater upwelling in Terra Sirenum. Such groundwater flow would have leached solutes from the aquifer materials and ultimately concentrated them at the surface to form evaporites. If the groundwater or recharging surface water were initially acidic, the long flow paths through continental-scale aquifers and mafic crustal rocks would have neutralized the acidity. Thus, it is likely that upwelling groundwater was neutral to alkaline and capable of forming a stable phyllosilicate assemblage. The long aquifer flow paths would also promote dissolution of Fe-bearing volcanic glasses and silicates, thereby enriching the water in Fe 2+ ions. As observed in Australia, Fe 2+ transported in solution would eventually oxidize and precipitate Fe 3+ phyllosilicates and/or oxides, while generating acidity in the upward flowing waters. Near the surface, atmospheric sulfuric acid contributions [Banin et al., 1997] , as well as photolytically produced oxidants [Hunten, 1979] , may have generated additional acidity via Fe-oxide precipitation, shifting the stability field away from phyllosilicates and Figure 2 . THEMIS colorized nighttime IR overlaid on THEMIS daytime band 9 images for four locations on Mars where phyllosilicates and sulfates occur together or in close proximity. Nighttime THEMIS images are controlled largely by thermal inertia of the surface and are therefore a good indicator of the nature and structure of the surface. In (a) southern Meridiani Planum, stratigraphic relationships interpreted by Wiseman et al. [2008] , indicate that the phyllosilicates mostly predate sulfate and hematite bearing plains. However in (b) Gale Crater [Thomson et al., 2008; Milliken et al., 2009] , (c) Columbus Crater [Wray et al., 2009] , and (d) Northern Meridiani Terra [Poulet et al., 2008] , sulfates and phyllosilicates occur in mixed layers or interbedded, which suggests contemporaneous deposition.
towards acid-sulfates. Intense evaporation at the surface would ensure that even highly soluble components would be precipitated, of which Mg-sulfates would be volumetrically the most significant (Fe having already been fractionated). Occurrences of interbedding and mixed layers of sulfates and phyllosilicates may indicate regional scale transgression in the boundary or shoreline environment, a transitional zone between the subsurface alkaline and surface acidic environment or may represent ephemeral desiccation cycles. Alternatively, reworked sediments cemented by precipitated salts is also a possible explanation for these mixed layers. This system allows phyllosilicates to form in the subsurface and sulfates to precipitate at the surface, while not requiring a change in the Mars global climate. Instead, it records a vertical change in the chemistry of waters as they interact with the shallow subsurface and atmosphere.
[15] Because of the dominance of precipitation and surface water runoff and ponding on Earth, terrestrial playa lakes commonly display strong lateral chemical gradients and associated minerals deposits. If precipitation episodes were rare or absent on Mars, the development of strong lateral chemical gradients would be less likely. Limited areas of persistent surface water and evaporation on Mars might allow the formation of local gradients, in which case it may be possible to discern such deposits as the mixed phyllosilicatesulfate deposits at Gale Crater and Terra Sirenum. The rarity of such deposits on Mars would indeed seem to imply that surface ponding was not very significant. Without inflow of surface water or surface ponding of groundwater, we expect to see mainly vertical facies changes such as those observed at Gale Crater; lateral facies changes, if any, would be expected to occur on relatively small spatial scales. Additionally, geomorphic evidence of fluvial processes on the Mars surface (e.g., valley networks, outflow channels) is generally not closely associated with hydrated mineral occurrences, which may indicate that the aqueous processes that formed phyllosilicates were mainly subsurface processes.
Conclusions
[16] The characteristics of ephemeral acid saline lakes in Western Australia are analogous to the aqueous mineralogy observed in some locations on Mars, particularly with respect to the processes leading to acidification of emergent groundwater. In Australia, phyllosilicate and sulfate forming conditions coexist both laterally and vertically. We suggest that these analogs point to a common depositional system for some of the co-occurrences of Martian phyllosilicates and sulfates. This strengthens the increasingly supported view that Mars has had a complex and diverse hydrological history and that the formation of the sulfate and phyllosilicate deposits does not necessarily reflect different climatic conditions prevailing at different times.
[17] Regions on Mars where phyllosilicates coexist with hydrated sulfates may reveal sites of dilute brine emergence and aid in discerning large-scale global or regional groundwater circulation. Such sites would likely have had sustained aqueous activity for substantial periods and therefore would be important for the preservation of ancient biomarkers. Localities where phyllosilicates and hydrated sulfates coexist are therefore particularly intriguing sites for future exploration to understand the aqueous history of Mars.
